Introduction {#sec1}
============

Interaction of gas bubbles with nanoparticles has been studied both experimentally and theoretically by several authors^[@ref1]−[@ref3]^ owing to its relevance in different areas. These range from biomedical applications, such as ultrasound contrast agents in biomedical imaging and drug delivery, to industrial processes that include mineral separation using froth flotation techniques and waste water treatment.^[@ref4]−[@ref12]^ However, to our knowledge, no systematic attempt has been devoted to investigating the phenomenology of interactions of bulk nanobubbles with both inorganic and organic nanoparticles and to clarifying the basic mechanism that causes the interaction. Recent investigations, by our group, of the interaction of gas bubbles with colloidal nanoparticles have led to surprising findings including the formation of bubble--nanoparticle complexes^[@ref13]^ and reentrant condensation of positive colloidal nanoparticles.^[@ref14]^

Liposomes, artificial vesicles whose typical sizes range from 20 nm to micrometers in diameter, are closed shells of self-assembled phospholipid bilayers that surround an aqueous core and are employed as model systems for studying the physical properties of biological membranes.^[@ref15]^ Cationic liposomes have also recently received much interest as a delivery system for DNA and protein vaccines.^[@ref16]−[@ref22]^ They have become a popular gene transfer agent and have been used as an alternative nonviral DNA delivery vector for gene therapy because of their low toxicity, biodegradability, nonimmunogenicity, and easy preparation.^[@ref16],[@ref19]^ However, these nonviral complexes are reported to be rapidly cleared from circulation as a result of enzymatic digestion of plasmid DNA and, in some cases, the phospholipids undergoing oxidation and a hydrolysislike reaction.^[@ref18],[@ref23],[@ref24]^ It is a major requirement for cationic liposome-mediated transfection to maintain the colloidal stability of the liposome/DNA complex (lipoplex), which is particularly difficult to achieve at the high DNA concentrations used for in vivo studies and clinical trials.^[@ref16],[@ref20]^ To stabilize the liposome/DNA particles formed at high DNA concentration and thus prolong the circulation time of lipoplexes in blood, polymers such as protamine and poly(ethylene glycol) (PEG) have been used.^[@ref20],[@ref24]^ Despite these achievements, however, both protamine and PEG are reported to have toxicity effects.^[@ref25]−[@ref27]^ Adverse allergic responses to protamines, including hypotension, bronchospasm, rash, urticaria, cardiovascular collapse, and sometimes death, have been reported.^[@ref28],[@ref29]^ PEG and PEG-related polymers are often sonicated when used in biomedical applications. Murali et al. reported that when sonicated, PEG is very sensitive to sonolytic degradation and PEG degradation products are toxic to mammalian cells.^[@ref27]^

Here, we investigated the modulation effect of gas nanobubbles on the stability of both cationic and anionic liposomes. The schematic illustration of a single liposome is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c show the molecular structures of the phospholipids employed to create the cationic liposomes and anionic liposomes, respectively. We present a comprehensive study of the interaction between cationic liposomes and gas nanobubbles by combining dynamic light scattering (DLS) and fluorescence microscopy measurements. We find that the charge and colloidal stability of cationic phospholipid liposomes can be influenced by gas bubble solutions with the cationic liposomes undergoing a reentrant condensation process upon interaction with nanobubbles. Our motivation is that, compared with flexible polymers, gas nanobubbles do not require chemical modification and spontaneously dissipate over time, yet still allow tuning the surface charge of liposomes and shield them from the extracellular environment.

![(a) Schematic illustration of self-assembled lipid bilayer liposomes in aqueous solution. (b) Molecular structure of cationic phospholipid, 1,2-dioleoyl-*sn*-glycero-3-ethylphosphocholine (EDOPC) employed to form cationic liposomes. (c) Molecular structure of anionic phospholipid, 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phospho-(1′-*rac*-glycerol) (POPG) used to create anionic liposomes.](la-2018-03927r_0001){#fig1}

Results and Discussion {#sec2}
======================

Reentrant Condensation of Cationic Liposomes with Nanobubbles {#sec2.1}
-------------------------------------------------------------

Colloidal stability of liposomes is a primary requirement for cationic liposome-mediated gene transfection.^[@ref30]^ Therefore, we used DLS to assess both the hydrodynamic size distribution and electrophoretic properties of bubble/liposome complexes mixed at a series of lipid concentrations ranging from 0.1 mg/mL to 1 ng/mL, as presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The average size of the nanobubble/EDOPC complexes remained essentially constant (i.e., on the order of 200 nm) until a critical coalescence concentration (*C*\*) of ∼0.5 μg/mL was reached. Below this concentration, a gradual increase in size was observed up to a concentration of 0.1 μg/mL, at which point, coalescence of complexes occurred, leading to structures larger than 1 μm in diameter. As the lipid concentration was further decreased, a remarkable transition back toward smaller size was observed, where the increase in the relative concentration of the gas solution started to restabilize the large aggregates. Once the lipid concentration reached a second critical coalescence concentration (*C*\*\*) of ∼0.03 μg/mL, the complex size became once again essentially constant at a value close to that at high lipid concentration. This indicates that upon further decreasing the lipid concentration, the colloidal stability of the EDOPC complexes was restored. Note that once the lipid concentration was decreased down to 0.01 μg/mL, the measurements were near the detection threshold of the DLS instrument, which may introduce some systematic error (to emphasize this, the last two data points are plotted as open symbols in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![(a) Average zeta potential and (b) hydrodynamic diameter of the bubble/liposome (100 nm) complexes as a function of EDOPC concentration. Size determination was performed after 1 min of ultrasonication at room temperature. *C*\* and *C*\*\* are two critical coalescence concentrations (CCC) separating the graph into three different regimes and were determined empirically. Error bars which are smaller than the symbol size are not shown.](la-2018-03927r_0002){#fig2}

On the basis of earlier measurements with positively charged nanoparticles, it may be expected that the presence of nanobubbles influences the charge state of cationic liposomes. To test this hypothesis, we performed zeta potential measurements, a quantity that is directly related to the surface charge of the particles. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the average zeta potential of the nanobubble/EDOPC complexes as a function of lipid concentration. A clear inversion of the surface charge from positive to negative is observed upon decreasing the cationic liposome concentration. That is, the point of (effective) zero charge (∼0.1 μg/mL) lies in between the critical coalescence concentrations, *C*\* and *C*\*\*. The presence of large particles is presumably due to liposome coalescence. This indicates that the effect of the nanobubble solution is to neutralize the surface charge of the cationic liposomes, presumably because of nucleation at the liposome surface,^[@ref13]^ leading to a loss of colloidal stability and coalescence of the liposomes into large aggregates.

We thus find that the nanobubble/liposome complexes exhibit a three-regime model of colloidal stability, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, in which regimes 1 and 3 are characterized as highly positive and negative colloidal stable bubble/EDOPC systems, respectively, whereas regime 2 corresponds to colloidally unstable bubble/liposome aggregates. This phenomenon is known as reentrant condensation.^[@ref31],[@ref32]^

To further confirm that coalescence is indeed due to nanobubble/liposome interactions, we performed DLS and zeta potential measurements on control samples, where the liposome solution was mixed with an untreated 10 mM NaCl solution. All other parameters were kept the same as the measurements with hydrolysis-treated electrolyte presented above. The results are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. In contrast to the nanobubble/EDOPC mixtures, the particle size remained essentially constant (on the order of 200 nm) and no agglomeration occurred for salt/EDOPC. The zeta potential remained positive over the concentration range where the nanobubble solution exhibited reentrant condensation. The decline of zeta potential with decreasing lipid concentration has been attributed to experimental artifact.^[@ref33]−[@ref35]^ For example, Tantra et al. observed a shift in zeta potential values to less negative values for nanoparticle suspensions at extreme dilution, which they attributed to an increase in the signal arising from extraneous particulate matter.^[@ref33]^

![Control experiments: (a) average zeta potential and (b) hydrodynamic diameter of the salt/liposome mixtures as a function of lipid concentration.](la-2018-03927r_0003){#fig3}

To further elucidate the interaction between nanobubbles and cationic liposomes, the structure of the nanobubble/liposome complexes at several representative EDOPC concentrations was visualized by fluorescence microscopy. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the fluorescence image of the 1 mg/mL source solution of cationic liposomes before mixing with the nanobubble solution. A nearly uniform red background is observed, which is due to the large concentration of out-of-focus fluorescently labeled liposomes. A few bright spots are also observed, corresponding to individual liposomes in the focus plane of the microscope. These spots are resolution limited, therefore the size of the liposomes cannot be inferred from these fluorescence images. By gradually decreasing the cationic liposome concentration via mixing with the nanobubble solution, the uniform background fades ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) until only discrete entities can be discerned against a dark background ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c--e). Below the critical coalescence concentration of *C*\* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d), objects larger than the resolution limit begin to appear, increasing further in size at lower concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). This behavior is consistent with the DLS measurements, which exhibit a marked increase in the hydrodynamic diameter in the same concentration range. In contrast, control measurements in which untreated NaCl solution is used instead of nanobubble solution to dilute the liposome solution show no such aggregation behavior (green images in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c--e). The control measurement in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e (bottom right panel) shows only a black background. This is because at a low lipid concentration of 0.1 μg/mL, it is practically impossible to capture the objects. The aggregates, on the other hand, are large and diffuse more slowly, and therefore can be manually tracked even at low concentrations. For the same reason, systematic fluorescence measurements at concentrations below *C*\*\* proved to be impractical due to the rarity of the events.

![Fluorescence microscopy of nanobubble/EDOPC liposome complexes labeled with Texas Red dye at representative lipid concentrations. (a) Source EDOPC liposome solution with a concentration of 1 mg/mL before interacting with the nanobubbles. The uniform red background is due to contributions from out-of-focus liposomes in this high concentration solution. (b,c) Bubble/EDOPC complexes at lipid concentrations before critical coalescence concentration *C*\*. (d) Nanobubble/EDOPC complexes at lipid concentration near *C*\*. (e) Nanobubble/EDOPC complexes at lipid concentration of 0.1 μg/mL, at which significant coalescence occurred. The scale bars represent 5 μm. In (c--e), the density of spots was too low to allow visualizing several in a single frame. Therefore, three representative images of individual complexes are shown. In each case, the bottom right panel (green) is a control experiment in which EDOPC liposomes were mixed with a nanobubble-free solution. The observed spots are resolution limited except in panels (d,e). The intensity scale at each concentration has been rescaled for clarity and intensities thus cannot be directly compared.](la-2018-03927r_0004){#fig4}

Taken together, the phenomenology of reentrant condensation of cationic liposomes can be summarized in a charge inversion scenario similar to our previous work on positive amidine nanoparticles. That is, we propose that the supersaturated solution causes the formation of gas bubbles on the surface of the liposomes, screening out the positive liposome surface charge and exhibiting a negative surface charge to the solution. Near the point of zero charge, this renders the colloidal suspension unstable. Further decreasing the lipid concentration causes the net surface charge to reverse sign, which becomes colloidally stable again.

Interactions of Nanobubbles with Anionic Liposomes {#sec2.2}
--------------------------------------------------

We also looked at the interaction between nanobubbles and anionic liposomes in the same concentration range as for cationic liposomes. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the zeta potential of the nanobubble/DOPG complexes remained negative with a gradual decline in magnitude (from very negative to less negative, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), whereas the size slightly increased ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), consistent with a gas layer nucleating onto a liposome surface. This behavior is highly reminiscent of our earlier measurements on gold nanoparticles,^[@ref13]^ which were interpreted as resulting from bubble nucleation on the nanoparticle surface.

![Interaction of nanobubbles with anionic liposomes: (a) average zeta potential and (b) hydrodynamic diameter of nanobubble/POPG complexes as a function of POPG concentration.](la-2018-03927r_0005){#fig5}

In this interpretation, the decrease in magnitude of the zeta potential occurs because the bubbles are less negative than the anionic liposomes. They can thus shield the strong negative charge of the anionic liposomes, resulting in a decrease of net surface charge for the bubble/DOPG complexes. These results are thus again consistent with our hypothesis that nanobubble nucleation at the liposome surface accounts for the bubble--liposome interaction.

Conclusions {#sec3}
===========

We have presented the first experimental observations of reentrant condensation of model cationic liposomes in bulk solution under the influence of anionic nanobubbles using both microscopy and size measurements. Zeta potential measurements indicate that this coincided with surface charge inversion. On the basis of the observations, we propose a mechanism of gas nucleation on the liposome surfaces to address the bubble/liposome interactions. Bubbles nucleate on the liposome surfaces and thus screen their surface charge, leading to a shift or even reversal of the sign of the zeta potential. These observations provide a new pathway to tune liposome interactions in solution. Further studies are needed to establish whether these results can be generalized to vesicle separation techniques and delivery systems. From the medical application point of view, for example in blood, usefulness depends on how long it takes the nanobubbles to dissipate. As kinetic data for nanobubbles are currently lacking, further studies are needed to address this aspect. This is of particular interest for the growing number of studies that isolate and manipulate liposomes, providing a new mechanism that does not require chemical modification and by which they can be redissolved over time.^[@ref36],[@ref37]^

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

POPG (sodium salt, \>99%) and EDOPC (chloride salt, \>99%) were purchased from Avanti (Avanti Polar Lipids, Inc. USA) and were used without further purification. NaCl at a 10 mM concentration was prepared using water from Milli-Q system (Millipore, USA) with resistivity of 18.2 MΩ cm at 25 °C. The pH of the sodium chloride solution was not explicitly controlled and had a measured value of 6.5. Texas Red-modified 1,2-dihexadecanoyl-*sn*-glycero-3-phosphoethanolamine(triethylammonium salt) (Texas Red DHPE) was supplied by Thermo Fisher Scientific and was prepared at a concentration of 0.2 mg/mL.

Liposome Preparation via Extrusion {#sec4.2}
----------------------------------

All of the liposomes were prepared via a mechanical extrusion method. EDOPC and POPG were first dissolved in chloroform forming a clear homogeneous lipid solution at 10 mg/mL. The fluorescence-labeled liposome was produced by mixing the target phospholipid with Texas Red DHPE at a mass ratio of 1000 phospholipid to 1 red fluorescent dye, allowing maximum contrast in fluorescent microscope imaging. The stock solution (10 mg/mL, 99.9 μL) and Texas Red DHPE (0.2 mg/mL, 4.4 μL) were transferred into a clean glass vial using glass syringes with a metal needle. The organic solvent was evaporated using a dry nitrogen stream in a fume hood to yield a uniform lipid film. The lipid film was thoroughly dried to remove the residual chloroform by placing the glass vial under vacuum for 1 h. The dry lipid film was then resuspended in 1 mL NaCl aqueous solution (10 mM) to a final lipid concentration of 1 mg/mL, and vortexed for ∼1 min above the phase transition temperatures, *T*~c~, of the lipids (−2 °C for POPG and −17 °C for EDOPC). The resulting lipid suspension was extruded 11 times through 0.1 μm polycarbonate membranes using a Mini Extruder (Avanti Polar Lipids, Inc. USA). Finally, a homogeneous liposomal suspension of uniformly sized unilamellar vesicles with an average diameter of 116 ± 8 nm (nominally 100 nm) was obtained. The final solution was wrapped in aluminum foil and kept in the dark in a refrigerator at 4 °C.

Nanobubble Generation and Characterization {#sec4.3}
------------------------------------------

The nanobubble solutions were generated via high-power water electrolysis in a cell consisting of planar Pt electrodes with an area of ∼66 cm^2^. NaCl aqueous solution (10 mM) was pressure-driven through the cell at a flow rate of 500 mL/min and treated with a cell voltage of 24 V and an average current of 3.0 A. As a result, water was decomposed into oxygen and hydrogen gas, which became dissolved in the water stream. Through this process, the solution becomes supersaturated with oxygen and hydrogen gas. Stable nanosized colloidal objects, commonly referred to in the literature as nanobubbles,^[@ref38]−[@ref41]^ were observed in the supersaturated solutions following water electrolysis.

Characterization of the nanobbubble solution was carried out by DLS for sizing and electrophoresis for zeta potential determination, both conducted at 25 °C with the help of a Malvern Zetasizer Nano ZS equipped with a laser (633 nm) set at an angle of 173°. Detailed operating parameters of each technique were selected for consistency with earlier work.^[@ref13]^ In short, the average and standard deviation of five measurements were computed for further analysis. Measurements of our nanobubble solutions exhibited a peak size and full width at half maximum of 223 and 94--529 nm, respectively, and a negative charge with a mean zeta potential of −19 ± 3 mV. The nanobubbles are negatively charged over a broad range of pH as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Zeta potential of the nanobubble solutions as a function of pH in 10 mM NaCl at 25 °C.](la-2018-03927r_0006){#fig6}

Nanoparticle tracking analysis (NTA, NS500, Nanosight, Malvern Instruments) was used to measure the concentration. NTA is able to directly count the number of tracked particles in a known volume, which gave a concentration of ∼10^7^ to 10^8^ /mL for our nanobubble solution. The solution exhibited long term stability as reported in our previous work on the interaction of nanobubbles with solid-state nanoparticles.^[@ref13]^

Particle Size and Zeta Potential Determination {#sec4.4}
----------------------------------------------

All measurements were conducted in 10 mM NaCl (pH 6.5) as the reference system. DLS and electrophoresis measurements were once again applied for the determination of hydrodynamic diameter and zeta potential of the liposome/bubble mixtures, respectively. The signal analysis was performed using the software provided by the manufacturer (Zetasizer Software, Malvern). The interaction of anionic nanobubbles with liposomes was initiated by adding the nanobubble solution to an existing liposome suspension to a final volume of 1 mL, followed by gentle mixing and ∼1 min ultrasonication (Branson B200, 120 V). Control experiments studying the difference between nanobubbles before and after ultrasonication yield the same results, which demonstrates negligible influence of mild ultrasonication on nanobubbles. Note that, in the presence of free lipids, the surface properties of bubbles might change to some extent as lipid molecules might associate with bubble surfaces.

Fluorescence Microscopy Imaging {#sec4.5}
-------------------------------

A fluorescent microscope (Olympus, IX71) equipped with a powerful 120 W lamp (X-Cite 120PC Q) as an excitation light source and a digital camera (Olympus, DP70) for image acquisition was used to visualize and image the structure of the nanobubble/liposome complexes at several representative EDOPC concentrations. The Texas Red-labeled samples were exposed to a laser with an excitation wavelength of 595 nm using a filter cube (Olympus, IX2-RFAC). Depending on the lipid concentration, the laser intensity was adjusted to achieve maximum contrast in fluorescent microscopy imaging.
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